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ABSTRACT 


This report describes the experimental work leading to the develop- 
ment of flat roentgen response film badges containing multi-element 
filters. 


The films were exposed to fluorescent x rays from 30 to 100 kev, 
heavily filtered direct x-ray beams from 100 to 250 kev, and isotope 
gamma rays from 250 to 1250 kev. Measurements showed that the un- 
filtered response of personnel films was 15 to 30 times greater to 40 
kev x rays than to 1250 kev gamma rays. Calculations indicated that a 
filter consisting of several elements with K-edges evenly spaced from 
4O to 90 kev could reduce the energy dependence of the film to within 
acceptable limits. Such multi-element filters were placed in cycolac 
Plastic film badges. It was necessary to place copper between the 
multi-element filter and the film to reduce the effects of fluorescent 
radiation produced in the filter. Measurements made with low energy 
radiation showed that the film blackening behind the filter was due 
primarily to radiation scattering in the plastic and not to radiation 
passing directly through the filter. ‘MTwo plastic film badges were 
developed with either lead frames or lead lattices placed around the 
filters to reduce the amount of radiation scattering into the filtered 
area. 


The lead-frame badge contains a multi-element filter (gadoliniun, 
erbium, tantalum, gold, and bismuth) and a 0.02 in. thick copper filter; 
the response of Du Pont 502, Du Pont 50%, Du Pont 555, Eastman Type II, 
and Ilford PM-l1 film in this badge is flat within 30 per cent from 40 
to 1250 kev; the badge is directionally independent within 30 per cent 
over this energy region, but the density under the filtered area at 
low energies is non-uniform, the edges being darker than the central 
region. The lead-lattice badge contains a multi-element filter (same 
elements as in the frame badge, but in different proportions) and a 
copper filter whose thickness varies with the film type; the response 
of the same films listed above is flat within 30 per cent from 50 to 
1250 kev; it is directionally dependent at low energies, and the 
density under the filtered area is uniforn. 


The badges were modified to permit the evaluation of thermal 
neutron and beta radiation; these modifications did not affect the 
photon film response of the lattice badge, but the frame badge was now 
directionally dependent by as much as a factor of 3 because of the 
reduced size of the filters. A method of measuring thermal neutrons 
was devised using two multi-element filters having gamilar photon re- 
sponses; one filter containing gadolinium gave a Co § gamma ray to 
thermal neutron exposure ratio of 1.43 r/rem, and a second filter con- 
taining molybdenum instead of gadolinium gave a ratio of 0.70 rem. The 
film badge response on a phantom was higher than in air by a factor of 
1.56. An eStimate was made of the accuracy of the gamma exposure 
evaluation when the film is exposed to both gamma and fast neutron 
radiation; film badges exposed to the Godiva critical assembly read 70 
per cent higher than glass dosimeter rods exposed at the Same time and 
in the same location. 
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INTRODUCTION 


The purpose of this report is to describe the experimental work 
performed at Los Alamos which sought to reduce the x-ray energy depend- 
ence of a photographic film by means of a filter composed of several 
elements. The response in roentgens of a photographic film is nearly 
cons tant from above 1000 kev down to 200 kev, but rises rapidly below 
200 kev and reaches a peak at 40 kev. The response of a film to 40 


kev x rays is 15 to 30 times greater than to 1000 kev x rays. 


For the past several years Group H-l of the Health Division of the 
Los Alamos Scientific Laboratory has been in the process of designing 
a new film badge for measuring personnel exposure to x and gamma rays, 
beta rays, and neutrons. As a part of this project a design for a 
filter for the new badge which could be used with Du Pont 502 personnel 
monitoring film was requested. The filter was to reduce the photon 
energy dependence of the film to as Small a value as practicable and 
over 4&3 wide an energy range as possible. Qur work showed that it is 
possible to hold the film response to within 30 per cent over the 
energy range from 40 to above 1000 kev. This report describes the 


multi-element filters which were designed to meet these requirements. 


The report begins with a brief review of previous attempts to 
deal with the energy dependence problem and explains why a single filter 
containing several elements was chosen. Next, the method of calculating 
the amount of material required in the filter and the energy dependence 
reduction produced by the filter is described. The experimental work 


that followed is presented in the order in which it was performed. 


First the calculated and measured filtered film responses were 
compared and found not in agreement, presumably because of fluorescent 
radiation produced in the filter. A satisfactory film response was 
obtained when copper was placed between the multi-element filter and 
the film to reduce the effects of the fluorescent radiation. Direction- 
al dependence and other measurements with the multi-element filters in 
plastic badges revealed that the film blackening behind the filter was 
due primarily to radiation scattering in the plastic, not to radiation 
passing directly through the filter. Two plastic film badges were 
developed containing either lead frames or lead lattices around the 
filters to reduce the amount of radiation scattering into the filtered 
area. The photon response of Du Pont 555 and 508, Eastman Type II, 
and Ilford PM-l films in these badges was measured both in air and on 
@ phantom. Finally, the thermal and fast neutron response of these 
badges was measured and a method of measuring personnel exposure to 


thermal neutrons was devised. 


LO 


The Appendix contains a description of the three types of photon 
sources employed to measure the energy response of the film, followed 
by the measurements of the beam uniformity, spectrum purity, and expo- 


sure rates of each type of source. 


LL 


PHOTON ENERGY DEPENDENCE OF FILM 


The response to photons of unfiltered Du Pont 502 personnel 
monitoring film is shown in Fig. 1. The relative sensitivity of the 
film, defined as the reciprocal roentgen exposure required to obtain 
a constant film density, is shown versus the energy of the x rays on 
@ log-log plot; the reciprocal roentgen exposure has been set equal to 
1 at 1250 kev. The figure shows that to obtain a constant density, 
about 25 times more exposure is required with 1250 kev than with 40 
kev x rays. Since the x-ray energy of personnel exposure is generally 
unknown, it is apparent that the energy dependence of the film is 
perhaps the largest source of error in trying to measure personnel 


exposure with film badges. 


Methods of Dealing with the Energy Dependence Problem 
Basically, three methods have been used to deal with the energy 


dependence problem. 


Qne method is to calibrate the film directly to the sources being 


used by personnel. At Los Alamos there are too many different kinds 
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of sources and exposure conditions to permit the use of this method on 


a routine basis. 


A second method is to determine the energy of the x rays by means 
of two or more different filters on the film. The filters differ in 
atomic number or thickness, resulting in different densities under 
each filter when the film is exposed to low energy x rays. The ratio 
of the exposures corresponding to the different densities under the 
different filters is assumed to be unique with energy and is used to 
determine the x-ray energy and therefore the exposure. This method 
has been employed at Los Alamos for the last ten years ,* and experience 
has shown that it is subject to several sources of error. One is that 
the exposure ratio is not unique with energy. For example, the expo- 
sure ratio obtained with a monochromatic source at 40 kev may differ by 
more than a factor of 2 from that obtained with a continuous-spectrum 
source having an effective energy of 40 kev. The degree to which the 
exposure ratios obtained with monochromatic and continuous -spectrum 
sources differ depends on the peak energy and filtration of the 
continuous -spectrum source. Another source of error is exposure of 
the films to two or more photon energies, because the exposure ratios 
are affected by the proportion of each energy given the film. This is 
illustrated in Table I, which shows the results of trying to evaluate 
by exposure ratios films exposed to different proportions of 66 and 


1250 kev radiation. The interpreted exposures differ from the true 


exposures by as much as a factor of 3. 
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A third method of dealing with the energy dependence problem is 
to use some means of reducing the energy dependence of the film. This 
was the method chosen for the new Los Alamos film badge. Although 
several ingenious methods have been devised to reduce the energy 
dependence of a film, =? 394 none of them appeared to be adaptable to the 
new badge. The new Los Alamos badge was to have a single filter 
capable of reducing the photon energy dependence so that the response 
would not exceed the limits of 0.7 to 1.3 from about 40 to 1250 kev. 

In addition, the badge was to have a second filter with a similar x-ray 
response which would also provide a measure of personnel exposure to 


thermal neutrons. 


After preliminary film response measurements and calculations 
were performed to determine how the response was affected by filters 
of different atomic number and thickness, it appeared that a single 
filter containing several elements could be designed to meet the 


requirements of the new Los Alamos badge. 


Energy Dependence Reduction by a Multi-Element Filter 
Calculations were first performed to determine how mich a one- 


element filter would reduce the measured unfiltered Du Pont 502 film 


response. In the calculations only the direct absorption in the 


2 


filter was considered and the true absorption coefficients” derived 


from NBS Circular 583° were employed. An element with a K-edge near 
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90 kev was selected and its thickness was chosen so that a relative 
sensitivity of 0.7 would be obtained for the low value at the K-edge. 
The calculated film response obtained with the one-element filter is 
shown in Fig. 1. Above 90 kev the sensitivity lies within 0.7 tol.l. 
Below 90 kev the curve peaks at a sensitivity of about 7. When a 
second element having a K-edge at 58 kev is added and the thickness of 
the two-element filter is adjusted so that a sensitivity of 0.7 is 
obtained for both low K-edge values, the sensitivity is unchanged 
above 90 kev, but below 90 kev a double peaked curve is obtained, and 
the sensitivity of the peak does not eyeced 5- The calculated response 


of the two-element filter is shown in Fig. l. 


The trend is now evident; as more and more elements with K-edges 

between 40 and 90 kev are added to the filter, the sensitivity above 

90 kev remains unchanged, but the sensitivity below 90 kev steadily 
decreases. Figure 1 shows that a film response lying within 0.7 to 
2.0 is obtained over an energy range of 40 to above 1000 kev with a 
filter consisting of six elements whose K-edges are about evenly spaced 
between 40 and 90 kev. If a filter containing all the elements with 
K-edges between 40 and 90 kev were used over the film,the calculated 


response would lie between the desired limits of 0.7 to 1.3. 


Li 


Calculation of the kmergy Dependence Reduction 

The amount of material required in the filter was calculated as 
follows. First assume that the unfiltered film response is to be re- 
duced using only one element. Since there are two values of the 
absorption coefficient at the K-edge energy of the element, there will 
be two response values, the larger one corresponding to the lower value 
of the true absorption coefficient and the smaller to the higher value. 
The smaller response value at the K-edge is not to go below a defined 
limit, F5 and the thickness, x, which reduces the response to that 
limit will be used in the filter. If F, is the unfiltered fiim re- 


sponse at the K-edge energy, then F. is given by 


F. = F.e Yn’ , or 
Wx = ln Fy - ln Fi. 


where Hy, is the higher K-edge value of the true absorption coefficient. 
The response of the filn, Fos filtered by the element of thickness x, 


is calculated as a function of energy using the equation 
- -1(E)x 
F,(E) = F (Ede 


where F (E) is the unfiltered film response at energy E, and y»(E) is 


the true absorption coefficient of the element at each energy E. 


Now assume that the response is to be reduced using two elements. 
Each element has a K-edge, and the smaller response value at each edge 


is not to go below the defined Limit Fe Let ts and Y 6 be the 
L 2 
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unfiltered film responses at the K-edge energy of element 1 and a2, re- 
spectively. ‘Then the thickness, x)» of element 1 and the thickness, 
*2 


set of equations: 


» Of element 2 which gives F are obtained by solving the following 


Pied + HX = ln “oy - ln KF 


where Ha is the higher K-edge value of the true absorption coefficient 
of element 1 at the K-edge energy of element l, 5 is the true absorp- 
tion coefficient of element e2 at the K-edge energy of element l, Hy is 
the true absorption coefficient of element 1 at the K-edge energy of 
element 2, and Hn, is the higher K-edge value of the true absorption 
coefficient of element 2 at the K-edge energy of element 2. The re- 
sponse of the film, F,, filtered by thickness x 


f L 


thickness x, Of element 2, is calculated as a function of energy using 


the equation 


of element l and 


FB) = e (aye Pre * Ha(E)x,] 


where F (Ee) is the unfiltered film response at energy E, u, (E) is the 
true absorption coefficient of element 1 at energy E, and u(E) is the 


true absorption coefficient of element ec at energy E. 


Similarly, for a filter containing n elements, the element 
thicknesses which reduce the smaller film response values at the K- 


edges to F. are obtained by solving the following n equations: 
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Hn 1 + HX, + HX. + soe + Wx, = ln Pe - ln F. 


Myx) + HX + HX. + .oe tuX =lnN F - ln F 
2 


HX, + HoX> + Hh3X3 +ooe tUX =n F -i1nF 


HX) + HX, + HX. + ..- + Hh a = ln F - ln F. 


The response of the filn, Fo» filtered by the n elements is calculatea 


as a function of energy using the equation 
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Comparison of Calculated and Measured Filtered Film Response 
To test the theory of the multi-element filter, a six-element 


filter was constructed and a comparison was made of its calculated 


and measured film response. 


The elements in the filter were chosen primarily on the basis of 
the Location of their K-edges, although other factors served to restrict 
the selection. For example, all elements above an atomic number of 83 
are naturally radioactive and would fog the film; thus the K-edge of 
bismuth, located at 90 kev, was the highest that could be used. Since 
the calculations indicated that the film response is improved when the 
K-edges of the elements are separated by equal energy intervals, an 


attempt was made to select elements whose K-edges are separated by 10 


kev intervals. However, availability and the chemical stability of the 
elements limited the selection. The six elements finally chosen for 
the filter and the location of their K-edges are given in Table II, 


together with the amount of each element placed in the filter. 


The filter was constructed by powder metallurgy techniques and 
Placed in a plastic badge containing the film. Me filter was placed 


on each side of the film. The filters were 1/2 x 1 in. in size. 


As shown in Fig. 1, the measurements do not agree with calcula- 
tion. There is no evidence of any K-edge structure, and a continuous 
curve can be drawn through the measured points. In addition, the 
points show an oversensitivity of 2.3 in the film response at about 


100 kev. 


Qne cause for the disagreement between measurement and calcula- 
tion is the fluorescent radiation produced in the filter by the primary 
photon radiation. In the calculations, absorption coefficients for 
monochromatic sources are employed and it is assumed that the mono- 
chromatic radiation incident on the filter is merely attenuated and 
not changed in spectrum in passing through the filter. In reality 
the spectrum is changed or degraded by Compton scatter and especially 
by fluorescent radiation produced in the filter. The absorption 
coefficient corresponding to the energy spectrum emerging from the 


filter and incident on the film lies between the upper and lower 


el 


Klements 
Neodymium 
Gadolinium 
Erbium 
Tantalum 
Gold 


Bismuth 


TABLE II 


THE SIX-ELEMENT FILM FILTER 


Atomic 
Number 


60 
64 
68 


(3 


19 
83 


Amount of 
Element 


_(g/eme) 
0.048 
0.074 
0.058 
0.116 


0.116 


0.073 
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Form of 
Element 


Nd03 
Gd0, 


23 
Ta powder 


Au powder 


Bi powder 


K-edge | 
Fnergy 
(kev) 

43.571 
50.229 
57-483 
67.400 
80.713 


90.521 


K-edge values; conseyguently, the film response is smeared, and the 
K-edge discontinuities cannot be resolved. The oversensitivity occurs 
at 100 kev where the energy is high enough to excite the fluorescent 


xX rays of all the elements in the filter. 


The amount of fluorescent radiation produced in the filter can 
be minimized by the proper selection and placement of the elements in 
the filter. For example, assume the filter can be constructed in 
layers of elements arranged in descending order of atomic number with 
the element of largest atomic number farthest from the film. The ou 
line of each element would be absorbed by the element beneath it whose 
K-edge energy would be just below the on, energy; hence, only the 
fluorescent radiation from the lowest atomic number element would 
reach the film. This scheme was not adopted because the filter could 
not be constructed easily in layers. The Powder Metallurgy Group 
(CMB-6) at Los Alamos fabricated the filter and found it was much 


simpler to mix the elements uniformly. 


By placing a low atomic number filter, such as copper, between 
the six-element filter and the film, the amount of fluorescent radia- 
tion reaching the film can be greatly reduced. In addition, the 8 kev 
fluorescent x ray produced in the copper does not significantly affect 
the film response. On the basis of fluorescent reduction measurements 
made by Ehrlich,’ a 0.02 in. thick copper filter waS placed between 


the film and the six-element filter to reduce the fluorescent radiation. 
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Measurements of the film response were made with the 0.Uce in. 
thick copper filter between the film and the six-element filter. 
Although the sensitivity at 100 kev was indeed reduced to l, the film 
response cut off sharply below this energy. Consequently, a new 


filter was designed. 


Film Response of Multi-Element Filter plus Fluorescent Absorber 
The film response under the 0.U2 in. thick copper filter was 


calculated. The measured unfiltered film response of Du Pont 50e is 
Shown again in Fig. 2, where the relative sensitivity is plotted versus 
the photon energy; the relative sensitivity has been set eyual tol at 
1250 kev. Also shown in Fig. e are both the calculated and measured 
film response under the copper filter. The small discrepancy between 
the calculated and measured copper-filtered film response is probably 
due to the & kev copper fluorescent radiation which was not included 
in the calculation. Below 100 kev the copper significantly reduces 

the response; for example, the unfiltered curve peaks at 40 kev with a 
sensitivity of 25, whereas the copper-filtered curve peaks at 65 kev 


with a sensitivity of about le. 


Calculations were next performed to determine the amount of 
material required in the six-element filter to reduce the energy 
dependence of the copper-filtered film to within acceptable limits. 

The same elements listed in Table II were employed in this calculation, 


and, again, the sensitivity for the lower K-edge values was not 
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permitted to go below 0.7. With the copper added to the filter, the 
lowest atomic number element, neodymium, was dropped from the six- 
element filter to prevent the response from falling off too rapidly at 
the lower energies. Figure 2 shows the calculated film response 
obtained with the copper plus five-element filter; the calculated 
response lies within a sensitivity of 0.7 to 1.8 from about 40 to 1250 
kev. The five elements, the amount of each element, and the location 


of their K-edges are listed in Table III. 


Film response measurements with the copper plus five-element fil- 
ter were then made and compared to the calculations. Filters 1/2 x1 
in. in size were constructed by powder metallurgy techniques and placed 
in a cycolac plastic badge containing the film. The copper plus five- 
element filters were placed on each side of the film; the 0.02 in. 


thick copper filters were between the film and the five-element filters. 


As shown in Fig. 2, the measurements do not agree with calculation 
below 100 kev. There is no indication of any K-edge structure, and a 
continuous curve can be drawn through the measured points. The 
discrepancy between measurement and calculation again appeared to be 
caused by the secondary radiation produced in the filter by the primary 
photon radiation and by scatter. Since the copper filter merely re- 
duces the fluorescent radiation reaching the film and does not entire- 


ly absorb it, the spectrum emerging from the filter and incident on the 
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TABLE III 


THE FIVE-ELEMENT FILM FILTER 


Atomic 
Elements Number 
Gadolinium 64 
Erbium 68 
Tantalum 13 
Gold 19 
Bismuth 83 


Total amount of material including a 3% paraffin binder 


Amount of 
Klement 
em2 
0.148 
0.148 
0.114 
0.117 


0.074 
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Form of 
Element 


Gd,0, 
Er,0, 
Ta powder 
Au powder 


Bi powder 


K-edge 
Energy 


(kev) 


50.229 
57-483 
67-400 
80.713 
90.521 


= 0.619 g/om. 


film is still smeared and prevents the K-edge discontinuities from 
being resolved. Between 40 to 90 kev the measured points lie about 
midway between the peaks and valleys of the calculated K-edge structure. 
The copper did absorb enough of the fluorescent radiation to decrease 
the oversensitivity at 100 kev to about l.2. All the measured points 


lie between a sensitivity of 0.7 to 1.2 from 40 to 1250 kev. 


The original problem of obtaining a multi-element filter which 
would reduce the energy dependence of the film so that the response 
would not exceed the limits of 0.7 to 1.3 from about 40 to 1250 kev 
appeared to be solved. The film would be calibrated to the 1250 kev 
Co source, and all personnel films exposed to either monochromatic 
or continuous -spectrum photon radiation would be evaluated from this 
one calibration curve; the accuracy of the evaluation would be 30 per 
cent, provided the photon energy fell within the energy region of 40 
to 1250 kev. Below 40 kev the filter cuts off the film response, and 
the photon exposure would not be recorded; above 1250 kev the film 
response gradually increases, reaching a sensitivity of about 1.6 at 


10 Mev. ° 
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FLAT X-RAY RESPONSE FILM BADGES 

The thickness of plastic necessary to obtain electron equilibrium 
with the Co? source was then determined. The electron equilibrium 
Plastic employed was Acrylonitrile Butadiene Styrene which is referred 
to in this report as "cycolac" plastic. When film response measurements 
were made at lower photon energies with the 0.04 in. thickness of electron 
equilibrium cycolac plastic between the film and the copper plus multi- 
element filter, unexpected results were obtained which led to the re- 
design of the new film badge and the development of the relatively flat 
response "frame" and “lattice" type badges described in the following 


sections. 


The Effect of Badge Scatter on the Filtered Film Response 
Calculations indicated that the 0.04 in. electron equilibrium 


thickness of plastic between the copper and film wrapper would not 
affect the film response in the low energy x-ray region. For example, 
the plastic would be expected to reduce the response by about 6 per cent 
at 40 kev. However, measurements showed that the film response was 


Significantly affected by the plastic. 
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Figure 3 shows again the measured response of the Du Pont 502 film 
filtered by the copper plus five-element filter described in Table III. 
The response lies within a Sensitivity of 0.7 to 1.2 from about 40 to 
1250 kev. Figure 3 also shows the measured response of the Du Pont 502 
film filtered by the same copper and five-element filter plus 0.04 in. 
thick plastic between the film wrapper and copper. Instead of producing 
a small decrease in the film response, the Plastic increased the film 


response below 100 kev, raising the peak sensitivity from 1.2 to 1.4. 


The thickness of plastic between the copper and film wrapper was 
increased from 0.04 in. to 0.1 in. to see what would happen. As Fig. 3 
shows, the film response in the low energy region increased still further, 


and the peak sensitivity rose from 1.4 to 1.7. 


The filters employed in these measurements were 1/2 x 1 in. big, 
and they were contained in a plastic badge. The new Los Alamos film 
badge was being designed about this time by Group H-l and it was found 
necessary to decrease the size of the filter. The new badge was to be 
made of the cycolac plastic and was to contain three filter areas of 
which two were to contain the photon-energy independent filters with 
very little filtration, and one was to be used to evaluate B-rays and 
photons below 50 kev. Because of the requirement of these areas, the 
filter size could not be much larger than 1x1 cm. Consequently, multi- 
element filters 1 x 1 cm in size were constructed and their film response 


measured. 
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The Du Pont 502 film response filtered by the 0.04 in. plastic plus 
copper plus the five-element filter in the 1/2 x l in. size had reached 
a peak sensitivity of 1.4 in the low energy x-ray region. As Fig. 3 
shows, these same filters in the 1 x 1 cm size gave a much larger film 
response to low energy x rays, reaching a peak sensitivity of 2.0. 
Thus the film response was varying not only with the thickness of plastic 


between the film and filters but also with the size of the filters. 


An examination of the films revealed that the density under the 
filtered area of those films exposed to radiation below 100 kev was non- 
uniform. The filtered area was darker at the edges than at the center. 
In the film response measurements given in Fig. 3 the densities were 
measured with an Eberline densitometer which reads an 0.6 x 0.6 cm area. 
Density measurements with an Ansco densitometer, which reads a 0.25 cm 
circular area, gave essentially the same film response when the densities 


were read in the center of the filtered area. 


The directional dependence of the film badge containing the 0.04 in. 
plastic plus copper plus five-element filter was now calculated and 
measured in the expectation that the results might help to explain the 
unusual effects that had been observed. The calculated directional 
dependence is shown in Fig. 4, where the relative response of the Du Pont 
502 film to 66 kev x rays is plotted versus the angle of the radiation 


in degrees. When the x rays are normal to the film,the angle of 
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CALCULATED 


a meme 


Oo oO oO 


RELATIVE RESPONSE (66 KEV) 





0 5 30 45 60 75 90 
ANGLE OF INCIDENCE (DEGREES) 


Fig. 4. Calculated and measured directional dependence of Du Pont 502 
film filtered by 0.02 in. plastic plus copper plus five- 
element filter in plastic badge. 
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incidence is taken as zero degrees; when the x rays are parallel to the 
edge of the film, the angle is 90 degrees. The directional dependence 

was calculated assuming the effective thickness traversed by the radiation 
at an angle of incidence 9 was given by t/cos 9, where t is the 


thickness of the filter at zero degrees. 


Figure 4 shows that as the angle of incidence increases the 
calculated film response falls off rather sharply, reaching a minimum 
at about 75 degrees. When the angle approaches 90 degrees, where there 
is no filter between the source and the film, the response increases 
rapidly because of the over-sensitivity of the unfiltered film to low 
energy x rays. As shown in Fig. 4, the measured directional dependence 
of the badge did not agree with calculation. The measured film response 
is relatively flat and down to a relative response of only 0.8 at 75 
degrees. The measured response can be made directionally independent 
within 30 per cent from O to 90 degrees by lining the edge of the badge 


with 0.02 in. of lead. 


In these measurements with the film in a plastic badge and filtered 
by the plastic plus copper plus five-element filter, there were now four 
effects which had been observed. First, the film response was varying 
with the thickness of plastic between the film wrapper and copper. 
second, the film response was varying with the size of the filter. 


Third, when the films were exposed to radiation below 100 kev in energy, 
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the density under the filtered area was non-uniform. Fourth, the film 
badge was not as directionally dependent as calculation had indicated. 
One way of explaining these effects was to assume that a portion of the 
blackening observed under the filtered area was not produced by 
radiation passing directly through the filter, but instead by radiation 
scattering in the surrounding plastic and entering into the filtered 


area. 


If blackening in the filtered area was caused by scatter in the 
surrounding plastic, then adding more plastic both around and under the 
filter would increase the scatter and blackening. The blackening due to 
scatter would vary inversely with the size of the filter, increasing as 
the filter size was decreased. Low energy radiation scattering in the 
surrounding plastic would produce non-uniform blackening in the filtered 
area, with the edges of the filter darker than the central region. 
Finally, directional dependence is caused by an effectively thicker 
filter between the radiation and film as the angle of incidence is 
increased; but if the blackening under the filter is not caused primarily 
by radiation passing directly through the filter, then the blackening 


would be relatively insensitive to the direction of the radiation. 
To test this theory, film response measurements were made with the 


plastic plus copper plus five-element filters in lead badges, one of 


which is shown in Fig. 5a. The lead badges were made sufficiently 
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b) THE LEAD-FRAME PLASTIC BADGE 


/ 
) 





c) THE LEAD-LATTICE 
PLASTIC BADGE 


TJ) v<20 


[| PLASTIC ( STYRENE ) 


Fig. 5. Drawing showing: (a) thick-lead badge, (b) lead-frame plastic 
badge, and (c) lead-lattice plastic badge. 
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thick so that blackening could be produced only by radiation passing 
directly through the filter. At each energy the density surrounding 
the filter was measured and found to be no greater than the density of 
an unexposed control film, verifying that only radiation passing 


directly through the filter was being recorded under the filtered area. 


The Du Pont 502 filtered film response in the lead badge was much 
different from its response in the plastic badge. In the lead badge the 
film response did not vary with the plastic thickness between the copper 
and film wrapper; within 10 per cent, the same film response was obtained 
with no plastic and with 0.1 in. of plastic between the copper and film 
wrapper. In the lead badge the film response did not vary with the size 
of the filter; within 5 per cent, the same film response was obtained 
with the 1/2 x 1 in. and the 1 x 1 cm filters. In addition, the density 
under the filtered area was uniform, and the directional dependence of 
the filter now agreed with calculation. These measurements in the lead 
badge confirmed the theory that the unusual effects observed with the 
plastic badge were due to radiation scattering in the plastic surrounding 


the filter and producing blackening in the filtered area. 


The magnitude of the scattering effect at 66 kev is shown in Fig. 6. 
The measured response of Du Pont 502 film filtered by the 1 x 1 cm 
copper plus five-element filter in the thick-lead badge has been set 


equal to 1.0. When the same filter is placed on the film wrapper with 
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RELATIVE RESPONSE (66 KEV) 


Fig. 6. 
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BADGE BADGE BADGE BADGE BADGE 
& & 
LEAD LEAD 
LATTICE FRAME 


The effect of badge scatter on the response of Du Pont 502 
film filtered by copper plus a five-element filter. 


38 


no surrounding material, a response of 1.4 is obtained; that is, 40 per 
cent of the blackening is due to radiation not passing directly through 
the filter. When the same filter is placed in a plastic badge, the 
response increases to 3.0. Two methods of reducing the scatter in the 
plastic badge were tried. First the filter was surrounded by a lead 
frame, shown in Fig. 5b; with the lead frame the film response in the 
plastic badge decreased from 3 to 2. Second a lead lattice, or a sheet 
of 0.028 in. lead containing an opening for the filter, was placed 
between the plastic badge and film wrapper as shown in Fig. 5c; with 
the lead lattice the film response in the plastic badge decreased from 


3 to 1.3. 


The scattering effect is smaller at energies greater than 66 kev 
and larger at energies less than 66 kev; for example, almost all of the 
blackening observed under the filtered area at 40 kev is caused by 


radiation scattering in the plastic badge and entering the filtered area. 


The Lead-Frame and Lead-Lattice Plastic Badges 
Figure 3 shows that the Du Pont 502 film filtered by the 1 x 1 cm 


0.04 in. plastic plus 0.02 in. copper plus five-element filter (described 
in Table III) in the plastic badge has an over-sensitivity of 2 in the 

low energy x-ray region. From the measurements shown in Fig. 6 it appeared 
that if the 0.04 in. plastic were removed and a lead frame were placed 


around the filter, the film response would be greatly improved. 
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A cycolac plastic film badge was constructed containing copper 
plus five-element filters surrounded by lead frames. The lead frames 
were 1.1 cm square (outside dimensions), and 0.165 cm thick with a 1.0 cm 


square hole. The lead-frame plastic film badge is shown in Fig. 5b. 


The response of Du Pont 502 film filtered by the copper plus five- 
element filter in the lead-frame plastic badge is shown in Fig. 7, where 
the relative sensitivity is plotted versus the photon energy; the 
relative sensitivity has been set equal to l at 1250 kev. The film 
response lies within 0.7 to 1.2 from about 40 to 1250 kev. Below 100 
kev the density under the filtered area is non-uniform with the edges 
darker than the central region. In the film response measurements in 


Fig. 7 the density was read in the center of the filtered area. 


Also given in Fig. 7 is the Du Pont 502 film response measured 
with the same filter in the thick-lead badge shown in Fig. 5a. In the 
lead badge the film response falls off very sharply below about 80 kev. 
The two response curves in Fig. 7, both measured with the same film and 
filter but in different badges, show quite clearly that the type of 
badge employed to hold the film and filter has a significant effect on 
the film response in the low energy region. The relatively flat 
response obtained with the lead-frame plastic badge was achieved, in 
effect, by empirically adjusting the amount of radiation scattering 


into the filtered area. In addition, it is apparent that the relatively 
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flat response obtained earlier (Fig. 2) with the 1/2 x 1 in. copper plus 
multi-element filter in a plain plastic badge was entirely fortuitous, 
because the true film response of this filter is that measured in the 


thick-lead badge as shown in Fig. 7. 


An investigation was made to determine why the film response of the 
copper plus five-element filter in the lead badge fell off so sharply 
in the low energy x-ray region. The absorption coefficients employed 
in the calculations which specified the amount of material to place in 
the filter were based on the theoretical values given in NBS Circular 
583.0 To check these coefficients, absorption measurements were made 
employing fluorescent sources, known amounts of filtration, and the 
free-air ionization chamber. These measurements indicated that the 
absorption coefficients given in NBS Circular 583 for elements with 
atomic numbers greater than 50 and energies below the K-edge of these 
elements were too low by as much as 50 per cent. Since the absorption 
coefficients appear in the exponent, this would result in errors as 
large as a factor of 10 in the calculations. About this time, a 
Supplement? to NBS Circular 583 was issued giving new absorption 
coefficients which agreed more closely with the coefficients measured 


with the fluorescent sources. 


The amount of material required in the five-element filter was 


recalculated employing the new absorption coefficients. A new filter, 
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described in Table IV, was fabricated. The response of Du Pont 502 
film filtered by 0.02 in. copper plus the new five-element filter in 
the thick-lead badge is shown in Fig. 8. The response is flat within 


30 per cent from about 50 to 1250 kev. 


The problem now was to achieve this response with the new filter 
in a lighter badge. Figure 6 shows that when a lead lattice, or a sheet 
of lead containing an opening for the filter, is placed between the 
plastic badge and film wrapper, the scatter into the filtered area is 
appreciably reduced. A cycolac plastic film badge, shown in Fig. 5°, 
was constructed with a 0.028 in. thick lead lattice. The Du Pont 502 
film in this badge, filtered by 0.02 in. copper and the new five-element 
filter, gave a sensitivity of about 1.6 in the low energy region. The 
thickness of the copper filter was increased from 0.02 in. to 0.024 in. 
As Fig. 8 shows, the Du Pont 502 film response filtered by the 0.024 in. 
copper plus new five-element filter in the lead-lattice plastic badge 
was essentially the same as its response when filtered by the 0.02 in. 


copper plus new five-element filter in the thick-lead badge. 


Again the original problem of obtaining a flat response film badge 
appeared to be solved. Both the lead-frame plastic and the lead-lattice 
plastic badges met the original requirements. The lead-frame plastic 
badge with the 0.02 in. copper plus old five-element filter (described in 


Table III) gave a Du Pont 502 film response flat within 30 per cent from 
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TABLE IV 


THE NEW FIVE-ELEMENT FILM FILTER 


Amount of K-edge 

Atomic Elemenj, Form of Energy 

Elements Number (g/cm ) Element (kev) 
Gadolinium 64 0.015 Gd0. 50.229 
Erbium 68 0.098 Er,0, 57-483 
Tantalum 73 0.100 Ta powder 67.400 
Gold 19 0.138 Au powder 80.713 
Bismuth 83 0.081 Bi powder 90.521 


Total amount of material including 3% paraffin binder = 0.445 g/ ear. 
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about 40 to 1250 kev. The lead-lattice plastic badge with the 0.02% in. 
copper plus the new five-element filter (described in Table Iv) gave a 
Du Pont 502 film response flat within 30 per cent from about 50 to 1250 


kev. 


Both types of badges have disadvantages. At low energies the density 
under the filtered area is non-uniform in the frame badge and more uniform 
in the lattice badge. On the other hand, the lattice badge is more 
directionally dependent than the frame badge. At low energies and at an 
angle of incidence of 75 degrees, the film response of the lattice badge 
is low by about a factor of 10. When lead strips are added to the edges 
of the frame badge shown in Fig. 5b, the film response is directionally 
independent within 30 per cent. However, the directional dependence of 
the frame badge is appreciably affected by changes in its construction. 
For example, a frame badge was enlarged to include the NTA packet, lead 
identifying strips were placed inside the badge, and two more 1 x 1 cm 
filter areas were added to the badge; the response of this badge at 
low energies and at an angle of incidence of 75 degrees was low by a 
factor of 3. Thus the directional dependence of the frame type badge 
depends on the final badge design, but it will probably remain less 


dependent on direction than the lattice badge. 


An attempt was made to determine whether the film response changed 


with the emulsion or batch number. The response of three different 
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emulsions of Du Pont 502 film, having expiration dates of January, 
March, and May 1960, was measured at 100 and 1250 kev and found to agree 
within 5 per cent. More significant, perhaps, was the measurement of 
the response of a Du Pont 502 film emulsion having an expiration date of 
July 1956; its response at 100 and 1250 kev was within 5 per cent of the 


response of the emulsions having the 1960 expiration date. 


Response of Several Film Types in the Frame and Lattice Badges 


Measured in Air and on a Phantom 

All the film badge development work described up to this time had 
been performed with Du Pont 502, a film used for personnel monitoring at 
Los Alamos for more than 10 years. Within a few days after the 
experimental work was completed, Du Pont announced that they were 


discontinuing the manufacture of 502 film. 


Du Pont 508 and 555, Eastman Type II, and Ilford PM-l films cover 
an exposure range similar to that of Du Pont 502. The response of all 
four film types was measured in the lead-frame and lead-lattice plastic 
badges. The results are shown in Figs. 9 and 10 for the frame and 
lattice badges, respectively. In both figures the relative sensitivity 
is plotted versus the photon energy, and the relative sensitivity has 


been set equal to 1 at 1250 kev. 
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In the frame badge with the 0.02 in. copper plus old five-element 
filter, the film response fell within the following relative sensitivity 
limits from 40 to 1250 kev: Du Pont 508, 0.55 to 1.03; Du Pont 555, 0.7 
to 1.1; Eastman Type II, 0.8 to 1.33; and Ilford PM-1, 0.6 to 1.0. The 
response of each film falls essentially within the limits of 30 per cent 
if the film is calibrated at an energy where the sensitivity is midway 
between the extreme sensitivity limits. Or the same result can be 
achieved by applying a correction factor to the 1250 kev Co°° calibration; 
correction factors of 0.77, 0.9, 1.05, and 0.8 would be applied to Du 


Pont 508, Du Pont 555, Eastman Type II, and Ilford PM-l films, respectively. 


To obtain a satisfactory response with each film type in the lattice 
badge, it was necessary to use two different thicknesses of copper with 
the new five-element filter. With Du Pont 508 and Ilford FPM-1 films the 
copper thickness was 0.016 in., and with Du Pont 555 and Eastman Type II 


films the thickness was 0.032 in. The lead lattice was 0.028 in. thick. 


The film response fell within the following relative sensitivity 
limits from 50 to 1250 kev: Du Pont 508, 0.65 to 1.2; Du Pont 555, 0.7 
to 1.35; Eastman Type II, 0.7 to 1.53 and Ilford PM-1, 0.7 to 1.2. 
Again the response of each film falls within the limits of 30 per cent 
if the film is calibrated at an energy where the sensitivity is midway 
between the extreme limits or if the following correction factors are 


applied to the 1250 kev calibration: 0.95, 1.05, 1.2, and 0.95 to the 
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Du Pont 508, Du Pont 555, Eastman Type II, and Liford PM-1 films, 


respectively. 


Thus either the frame or the lattice badge can be used with Du Pont 
508 and 555, Eastman Type II, and Ilford PM-l films to measure personnel 
exposure to photons with an accuracy of 30 per cent over an energy range 


from about 50 to 1250 kev. 


The effect of body scatter on the Du Pont 508 and 555 film response 
was measured in the frame and lattice badges. A water-filled cO liter 
polyethylene jug was used to simulate the body. Both the lattice and 
frame badges gave essentially the same results. At 1250 kev the film 
response on the phantom was the same as in air, but at lower energies 


the response was greater on the phanton. 


Figure 11 shows the response of Du Pont 508 and 555 films in the 
frame badge measured both in air and on the phantom. From 40 to 1250 
kev the Du Pont 508 relative sensitivity limits are 0.55 to 1.0 in air 
and 0.6 to 1.1 on the phantom. Similarly, from 40 to 1250 kev the Iu 
Pont 555 limits are 0.7 to 1.1 in air and 0.8 to 1.3 on the phantom. 
As in air, the film response on the phantom falls within the limits of 
30 per cent if the filter is calibrated at an energy where the sensitivity 


is midway between the extreme sensitivity limits. 
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The phantom was used to estimate the error due to body absorption 
when the badge is worn on the chest and a person is exposed from the 
back. Badges were exposed at the same distance from the 108 and 1250 
kev sources with and without the phantom between the source and detector. 
The phantom reduced the exposure by a factor of 50 at 108 kev and a 


factor of 2.5 at 1250 kev. 
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RESPONSE OF THE BADGES TO NEUTRONS 


Another requirement of the Los Alamos film badge was the capability 
of measuring thermal neutrons. Consequently, the frame and lattice 
badges were modified for this purpose. Frame and lattice badges were 
constructed as shown in Fig. 12 with three 1 x 1 cm filter areas. One 
area contained no filter to estimate beta exposure, the central area 
contained a filter to measure gamma exposure, and the third area contained 
a filter to measure both gamma and thermal neutron exposures. The 
badges were deepened to hold two film packets, an Eastman Type B and 


a Du Pont Type 555 film. 


Figure 13 shows the photon response of the Du Pont 555 film 
measured in air in the modified frame badge. The film response under 
the filter specified in Table III in the modified frame badge falls 
off more rapidly in the Low energy region than it did in the original 
frame badge. However, since the relative sensitivity limits are 0.6 
to 1.1 from 50 to 1250 kev, the response falls within the limits of 
30 per cent if the film is calibrated at an energy where the sensitivity 
is midway between the extreme limits or if a correction factor of 0.85 


is applied to the G9? calibration curve. The response of Du Pont 508, 
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a) THE MODIFIED LEAD-FRAME PLASTIC BADGE 


b) THE MODIFIED LEAD-LATTICE PLASTIC BADGE 





LEAD 


| | PLASTIC (STYRENE) 


Fig. 12. The modified lead-frame and lead-lattice plastic film badges. 
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Eastman Type II, and Ilford PM-1 film in the modified frame badge 

also falls within the limits of 30 per cent from 50 to 1250 kev when 
appropriate correction factors are applied to the (19° calibration. 

In the modified lattice badge with the filter specified in Table IV, the 
response of all four film types was the same as in the original badge, 


within 5 per cent. 


Also shown in Fig. 13 is the response of Du Pont 555 film in the 
modified frame badge to continuous spectrum radiation and to equal pro- 
portions of mixed monochromatic radiation. The kilovoltage and filtra- 
tion employed with the continuous spectrum sources and the energy of the 
monochromatic sources are listed in the figure. The points fall within 


relative sensitivities of 0.7 to 0.95. 


The response of the modified frame and lattice badges to both thermal 
and fast neutrons was measured and a method of evaluating thermal neutron 
exposure with these badges was devised. Since both badges gave similar 
results, only the measurements obtained with the frame badge are presented. 
In the discussion that follows, when a filter is described it will be 
understood that identical filters were placed on both the front and back 


of the badge. 


Thermal Neutrons 
The filter employed in the frame badge to obtain a flat x-ray 


response consisted of 0.02 in. copper plus the five elements described 


at 


in Table III; this filter will now be called the "gadolinium filter." 
Gadolinium, one of the elements in the filter, has a thermal neutron 
cross section of about 5 x 107 barns. Upon capturing a neutron, 
gadolinium emits gamma rays with energies of several Mev which, of 
course, produce film blackening. Thus a significant thermal neutron 
film response was obtained with the gadolinium filter. Two methods of 
utilizing this response to measure personnel exposure to thermal neutrons 


were devised. 


The first method consisted of using two gadolinium filters one of 
which was surrounded by a LiF cup. Powder metallurgy techniques were 
employed to fabricate the 0.03 in. thick cups. Since the ri° thermal 
neutron cross section is about 10° barns, and the absorption of thermal 
neutrons in i° is not accompanied by the emission of gamma rays, the 
Lior cups significantly reduced the thermal neutron film response with 
the gadolinium filter. The difference in blackening between the Lior 
covered gadolinium filter and the uncovered gadolinium filter was large 
enough to be used as a measure of the thermal neutron exposure. In 
addition, the LiF cups did not significantly affect the response of 


the film to photons. However, the Lior cups were somewhat fragile, and 


their incorporation in the badge was difficult. 


Consequently, a second method was devised which gave results 


similar to that obtained with the Lior cups. Again two filters were 
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used: a gadolinium filter and one similar to it but with the gadolinium 
replaced by 0.01 in. of molybdenum. The molybdenum was sandwiched 
between the copper and multi-element filter; this combination will be 
called the molybdenum filter. Since the thermal neutron cross section 
of molybdenum (about 3 barns) is low compared to that of gadolinium, 
the thermal neutron film response with the molybdenum filter is lower 
than that with the gadolinium filter. The difference in blackening 
between the filters is large enough to be used as a measure of thermal 


neutron exposure. 


Figure 13 shows that the x-ray response of Du Pont 555 film with 
the molybdenum filter is similar to that obtained with the gadolinium 
filter. However, between 80 and 200 kev, the gadolinium filter has 
about a 15 per cent greater film response than the molybdenum filter; 
thus an x-ray exposure could be mistaken for a thermal neutron exposure. 
This difficulty would be avoided by not reporting thermal neutron 
exposures unless the gadolinium filter exposure exceeded the molybdenum 
filter exposure by more than 15 per cent. Visual inspection of the 
film aids in determining whether the film has been exposed to thermal 
neutrons. When the film badge is exposed to thermal neutrons, the 
blackening spreads beyond the edges of the filter; this spreading has 


been observed only with neutron exposures. 
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The response of the film badges to thermal neutrons was measured 
with the thermal neutron beam of the Los Alamos Homogeneous Reactor. 
As shown in Fig. 14, badges were placed one foot from the graphite 
stringers both in air and on a one cubic foot block of polyethylene, 
which presumably simulates the thermal neutron scattering of the 
human body. Exposure times were controlled by an electrically operated 
boron shutter. The cadmium ratio, a measure of the number of thermal 
neutrons to the number of higher energy neutrons in the beam, is about 


10", 


Films exposed to the thermal neutron beam are blackened by a 
variety of sources .t° As previously explained, the greater density 
observed under the gadolinium filter is due to the n,yv reaction in the 
gadolinium. However, a portion of the blackening under the gadolinium 
filter and all the blackening observed under the molybdenum filter is 
caused by other neutron interactions in the filter and film and by 
inherent gamma rays. The following interactions are probably the main 
contributors to the film blackening: the n,y reaction in erbium (about 
1.7 x 10° barns) and in gold (about 10° barns ); and the gamma and beta 
rays associated with the neutron activation of the 18 min bromine, the 
24 sec and 2.3 min silver, and the 5 min and 13 hr copper. The bismuth 
shield surrounding the reactor sphere absorbs most of the gamma rays 
emitted directly by the reactor, but high energy gamma rays are pro- 


duced by neutron capture in the graphite stringers. 
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The gamma radiation produced by neutron capture in the graphite 
stringers was measured by completely surrounding a film in its wrapper 
by a layer of Lior powder thick enough to absorb all the thermal neutrons. 
When the 11°F surrounded badges were exposed to a total flux of 107 
th ahem the film densities corresponded to the following 09 
exposures: 0.25 r for badges located in air, and 0.33 r for badges 
located on the phantom. Since the films were shielded from the effects 
of thermal neutrons, the blackening observed is attributed to the 
inherent ganma radiation. In this report it will be assumed that the 
RBE for thermal neutrons is 3, which means that a flux of 107 th n/om* 
corresponds to about 1 rem. Thermal neutron fluxes were measured by 


counting the activity of gold foils. 


Figure 15 shows the thermal neutron response of the Du Pont 555 
film in the frame badge with the gadolinium and molybdenum filters when 
exposed in air. The net density measured under the filters is plotted in 
the figure versus the total thermal neutron plus inherent gamma-ray 
exposure in terms of rem plus r. Also plotted in Fig. 15 is the Du 
Pont 555 co? calibration curve measured under the gadolinium filter 
in the frame badge; within 3 per cent, the same 09° calibration curve 
is obtained with the molybdenum filter. The gadolinium points measured 
in the thermal neutron plus inherent gamma radiation exposures lie above 
60 


the G9 calibration curve, and the molybdenum points below the Co 


Curve 
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With the data shown in Fig. 15, the ao? gamma ray to thermal 
neutron exposure ratio for the gadolinium filter may be calculated from 
the following equation: 


Ey = EF, + EF ca (1) 


where Ea is the Go exposure in r corresponding to the density under 
the gadolinium filter, E is the inherent gamma radiation exposure in r, 
FY is the response of the film to the inherent gamma radiation exposure, 
is the response 


Gd 
of the gadolinium filtered film to thermal neutrons. With Fy taken to 


BE is the thermal neutron exposure in rem, and FS 
3 


be 1, Fg, was 1-43 r/rem. 


9 Gd 
Similarly, the (19° gamma ray to thermal neutron exposure ratio for 
the molybdenum filter may be calculated from the following equation: 

Ey, = EF, + EF Mo (2) 
where Evo is the C9 exposure in r corresponding to the density under 
the molybdenum filter, EY is the inherent gamma radiation exposure in r, 
Fy is the response of the film to the inherent gamma radiation exposure, 


Ee is the thermal neutron exposure in rem, and ei is the response of 
9 


Mo 
the molybdenum filtered film to thermal neutrons. With Fy taken to be 


1, F was 0.70 r/rem. 


n,Mo 


With the constants F and F determined, the thermal neutron 
n, Gd n,Mo 


exposure to the badge can be calculated by combining equations (1) and 
(2): 
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E - a -= 
5 = oa” *y _*ca 7 "Wo =| ga - =FMo (3) 
a ~ 1.43 - 0.70 =. [nr aS 
n Fn, Ga FA Mo 1.43 - 0.70 0.73 
The gamma radiation exposure can then be calculated from either equation 


(1) or (2). 


The film badges and gold foils exposed to the thermal neutron beam 
at a distance of 1 meter from the face of the graphite on the phantom 
read 56 per cent higher than those exposed in air for the same flux. 


Thus, 56 per cent of the thermal neutrons incident on the phantom are 


reflected back and recorded by the badges and foils. Hence, when 
evaluating personnel exposure to thermal neutrons, the film badge 


reading should be divided by 1.56 to correct for body neutron reflection.*+ 


To obtain an estimate of the accuracy of this method of evaluating 
thermal neutron exposure in the presence of gamma radiation, film badges 
were exposed to different proportions of thermal neutron and gamma 
radiation. Table V gives the measured thermal neutron, inherent gamma 
radiation, 09% gamma radiation, total gamma radiation, and total thermal 
neutron plus gamma radiation exposure received by the badges. It also 
gives the calculated thermal neutron, total gamma radiation, and total 
thermal neutron plus gamma radiation exposure. As may be seen from the 
ratios listed in Table V, the calculated and measured values of the total 


thermal neutron plus gamma radiation exposures agree within 29 per cent. 
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TABLE V 


EXPOSURE EVALUATION OF BADGES EXPOSED TO DIFFERENT PROPORTIONS OF 
THERMAL NEUTRONS AND GAMMA RADIATION 


Measured Calculated 
Th n Inherent C9 Total y Total Th n Total 7 Total Total 
7 Th n+7 Th n+7 Th n+7 
(rem) (x) (r) (r) (r+rem) (rem) (xr) (r+rem) (meas/calc) 
0.02 0.005 0.02 0.025 0.045 0.000 0.035 0.035 1.29 
0.05 0.012 0.02 0.032 0.082 0.036 0.037 0.073 1.12 
0.10 0.025 0.02 0.045 O.1L45 0.085 0.054 0.139 1.04 
0.20 0.050 0.02 0.070 0.270 0.216 0.051 0.267 1.01 
0.50 0.125 0.02 O.145 0.645 0.550 0.089 0.639 1.01 
1.00 0.250 0.02 0.270 1.270 0.917 0.340 1.257 1.01 
0.02 0.005 0.05 0.055 0.075 0.012 0.053 0.065 1.15 
0.05 0.012 0.05 0.062 0.112 0.026 0.087 0.113 0.99 
0.10 0.025 0.05 0.075 0.175 0.082 0.093 0.175 1.00 
0.20 0.050 0.05 0.100 0.300 0.202 0.098 0.300 1.00 
0.50 0.125 0.05 0.175 0.675 0.547 0.098 0.645 1.05 
1.00 0.250 0.05 0.300 1.300 0.848 0.410 1.258 1.03 
0.02 0.005 0.10 0.105 0.125 0.012 0.097 0.110 intk 
0.05 0.012 0.10 0.112 0.162 0.048 0.109 0.157 1.03 
0.10 0.025 0.10 0.125 0.225 0.097 0.125 0.222 1.01 
0.20 0.050 0.10 0.150 0.350 0.205 0.137 0.342 1.02 
0.50 0.125 0.10 0.225 0.725 0.502 0.203 0.705 1.03 
1.00 0.250 0.10 0.350 1.350 0.890 0.460 1.350 1.00 
0.02 0.005 0.20 0.205 0.225 0.014 0.200 0.214 1.05 
0.05 0.012 0.20 0.212 0.262 0.073 0.186 0.259 1.01 
0.10 0.025 0.20 0.225 0.325 0.096 0.231 0.327 0.99 
0.20 0.050 0.20 0.250 0.450 0.190 0.254 O.4ky 1.01 
0.50 0.125 0.20 0.325 0.825 0.520 0.287 0.807 1.02 
1.00 0.250 0.20 0.450 1.450 0.930 0.450 1.380 1.05 
0.02 0.005 0.50 0.505 0.525 0.027 0.501 0.528 0.99 
0.05 0.012 0.50 0.512 0.562 0.055 0.522 0.576 0.97 
0.10 0.025 0.50 0.525 0.625 0.082 0.563 0.645 0.97 
0.20 0.050 0.50 0.550 0.750 0.192 0.586 0.778 0.96 
0.50 0.125 0.50 0.625 1.125 0.506 0.645 1.151 0.98 
1.00 0.250 0.50 0.750 1.750 1.053 0.710 1.763 0.99 
0.02 0.005 1.00 1.005 1.025 0.041 1.002 1.043 0.98 
0.05 0.012 1.00 1.012 1.062 0.055 1.041 1.096 0.97 
0.10 0.025 1.00 1.025 1.125 0.096 1.083 1.179 0.95 
0.20 0.050 1.00 1.050 1.250 0.260 0.988 1.248 1.00 
0.50 0.125 1.00 1.125 1.625 0.548 1.067 1.615 1.01 
1.00 0.250 1.00 1.250 2.250 1.250 0.940 2.190 1.03 
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Fast Neutrons 

As mentioned previously, the Eastman Type B packet was to be included 
in the new Los Alamos badge to measure fast neutrons and to extend the 
photon exposure range. The Type B packet contains the NTA and the Fine 
Grain Positive film. The NTA film is used to measure 1 to 10 Mev neutrons 
over an exposure range of about 0.1 to 10 rem. The Fine Grain film is 
used to measure gamma-radiation exposures from about 20 to 1000 r. Since 
the Fine Grain film would be used in a criticality accident to measure the 
gamma-ray exposure, it was necessary to estimate the accuracy of the 
exposure evaluation when the film was exposed to both gamma rays and fast 


neutrons. 


Accordingly, the Fine Grain film was exposed in the frame badge to 
the Godiva II critical assembly. Godiva II is a controlled critical 
assembly of bare enriched uo? surrounded by a wire screen cage and 
mounted on a triangular stand. As shown in Fig. 14, the film badges 
were exposed both in air and on the 20 liter water-filled polyethylene 


jug 60 cm from the center of the critical mass. 


Glass dosimeter rods in Lior cans and sulphur pellets were exposed 
with the badges. Since the glass rods were shielded from thermal neutrons 
by the Lior cans and their response to fast neutrons is known to be 0.7 
per cent?* in terms of rads, the glass rod measurement of the gamm-ray 


exposure was assumed to be correct. Sulphur pellets were used to measure 
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the number of neutrons above 2.5 Mev in energy. From the number of 
neutrons measured above 2.5 Mev, the total number of neutrons emitted by 
the Godiva can be estimated by assuming a known neutron spectrum;*> 


conversion to rads can then be made by using first collision theory and 


a conversion factor of 2.4 x 1077 rad /n/em*. 


To determine whether the response of the film to fast neutrons was 
rate dependent, the detectors were exposed to radiation from 8.5 x 10! 
fissions in two separate runs. In the first run the radiation was 
delivered in a "burst" lasting about 107" sec; the second run was a 
"steady state" condition lasting about 10° sec. Thus the total exposure 


was the same in both runs, but the exposure rate in the burst was higher 


by a factor of 10°. 


The results of the Godiva measurements are given in Table VI. 
From the sulphur pellets it was estimated? that the detectors in air 
were exposed to about 900 rads of fast neutrons. On the phantom the 
sulphur detectors read about 12 per cent less than they did in air. 
Gamma-ray exposures recorded by the glass rods were evaluateal® from a 
9 calibration. Gamma radiation and apparent thermal neutron exposures 
recorded by the film badges were evaluated from a G9 calibration and 
the gadolinium and molybdenum filter exposure differences, according to 


the method described in the previous section on thermal neutrons. 
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The apparent thermal neutron evaluation appears to be exposure- 
rate dependent. Both in air and on the phantom the exposure is higher 
for the steady state run than for the burst. As expected, the film 
badge records a much higher thermal neutron exposure on the phantom 
than in air. Fast neutrons are thermalized throughout the phantom 
and diffuse back to the film badge, giving an indication of more than 


a factor of 10 over the thermal neutron exposure measured in air. 


Table VI shows that the film badges read the gamma-ray exposure 
25 to 50 per cent higher in air and about 70 per cent higher on the 
phantom than do the glass rods. Film badges exposed to the burst and 
steady state conditions agree within 10 per cent in their exposure 
evaluation, indicating that the gamma radiation evaluation for these 


conditions is not significantly exposure-rate dependent. 


The purpose of these measurements was to estimate the accuracy of 
the film-badge gamma-radiation evaluation in case of a criticality 
accident. If the accident were to occur under conditions similar to 
those of the Godiva experiment, then the film-badge gamma-radiation 
evaluation would be high by 70 per cent. But the accuracy would depend 
upon the proportion of gamma to fast neutron radiation; if the pro- 
portion of gamma radiation were to increase, the relative fast neutron 
effect on the film response would decrease and the accuracy of the 


gamma radiation exposure evaluation would improve. In the Godiva 
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measurements the fast neutron exposure to the phantom in the steady state 
run was about 5600 rem (assuming an RBE of 7) and the gamma-radiation 
exposure was 125 rem (assuming an RBE of 1). Thus, the gamma-radiation 
exposure was about 2 per cent of the fast neutron exposure. If 
moderating material were placed between the critical mass and the film 
badge, the proportion of gamma to fast neutron radiation could increase 
by more than an order of magnitude. Under these conditions the gamma- 


radiation evaluation error would be less than 70 per cent. 


SUMMARY 


A description has been given of the experimental work leading to 
the development of flat roentgen response film badges containing multi- 


element filters. 


Three types of sources were used to measure the film response: 
fluorescent x rays from 30 to 100 kev, heavily filtered direct x-ray 
beams from 100 to 250 kev, and isotope gamma rays from 250 to 1250 kev. 
Beam uniformity, spectrum purity, and exposure-rate measurements were 


made for each type of source. 


The response of unfiltered Du Pont 502 film was 25 times greater 
to 40 kev x rays than to 1250 kev y rays. Calculations indicated that 
a filter consisting of several elements with K-edges evenly spaced from 
4O to 90 kev could reduce the energy dependence of the film within 
acceptable limits. Multi-element filters were placed in cycolac plastic 
film badges. The measured filtered film response was not in agreement 
with the calculated response, partially because of fluorescent radiation 


produced in the filter. A satisfactory film response was obtained when 


{2 


copper was placed between the multi-element filter and the film to 


reduce the effects of fluorescent radiation. 


When electron equilibrium plastic was inserted between the film 
and multi-element filter, the film response increased in the low energy 
region; the film response also increased when the size of the filter was 
reduced. In addition, the blackening in the filtered area was non- 
uniform, and the film badge was not as directionally dependent as 
calculation indicated. Measurements with a thick-lead badge showed that 
these effects were due to radiation scattering in the plastic badge and 
not to radiation passing directly through the filter. Two plastic film 
badges were developed containing either lead frames or lead lattices to 


reduce the amount of radiation scattering into the filtered area. 


The lead-frame badge contains a multi-element filter (gadoliniun, 
erbium, tantalum, gold, and bismuth) and a 0.02 in. copper filter. The 
response of Du Pont 502, 508, and 555, Eastman Type II, and ford PM-1 
films in the badge is flat within 30 per cent from 40 to 1250 kev. The 
badge is directionally independent within 30 per cent over this energy 
region, but the density under the filtered area at low energies is non- 


uniform, the edges being darker than the central region. 


The lead-lattice badge contains a multi-element filter (same elements 


as in the frame badge, but in different proportions) and a copper filter 
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whose thickness varies with the film type. In this badge the response 
of the same films listed above is flat within 30 per cent from 50 to 
1250 kev. This badge is directionally dependent at low energies, and the 


density under the filtered area is uniform. 


The following modifications were made in the frame and lattice 
badges: they were enlarged to hold a high-range gamma-radiation and 
fast-neutron film packet; lead strips with name and binary perforations 
were placed in the badge to identify the person wearing the badge; and 
two additional filter openings were added to the badge for purposes of 
evaluating thermal neutrons and beta radiation. These modifications 
did not alter the photon response of the lattice badge; however, the 
frame badge showed a greater directional dependence and it was now flat 


within 30 per cent above 50 instead of 40 kev. 


A method of evaluating thermal neutrons was devised using two 
multi-element filters, the first containing gadolinium and the second 
substituting molybdenum for gadolinium. The response of these filters 
in the frame and lattice badges was measured both in air and ona 
phantom using the Los Alamos Homogeneous Reactor thermal neutron bean. 
On the phantom the film badge response was higher than in air by a 
factor of 1.56. The G0°° gamma ray to thermal neutron response of the 


gadolinium filtered and the molybdenum filtered film was 1.43 and 0.70 


r/rem, respectively. 
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An estimate was made of the accuracy of the gamma exposure 
evaluation when the film is exposed to both gamma and fast neutron 
radiation. Film badges exposed to the Godiva critical assembly read 
as much as 70 per cent higher than glass rods exposed at the same time 


and location. 
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APPENDIX 
SOURCES USED TO MEASURE THE FILM RESPONSE 
To obtain the true energy response of the film it must be calibrated 
with x- or gamma-ray sources which are as nearly monochromatic as 
possible. Three types of sources were used to cover the energy range of 
20 to 1250 kev. Fluorescent sources were used from 20 to 100 kev; 
heavily filtered direct x-ray beams were used from 100 to 250 kev; and 


the gamma rays from isotopes were used from 250 to 1250 kev. 


Fluorescent Sources 

Fluorescent rays are monochromatic x rays which are emitted by a 
substance when irradiated with x rays having greater energies than the 
binding energies of the electrons in the substance. When the primary 
x rays interact with a substance, they lose a portion of their energy, 
ejecting electrons from the atoms which are left in an excited state; 
the ionized atoms return to a normal state by liberating energy in the 


form of fluorescent radiation. 


The two most prominent types of fluorescent x rays are the K- and 
L-lines. The L-lines are much less penetrating than the K-lines and 
in all cases sufficient thickness of aluminum was used to absorb them. 
There are four monochromatic K-lines; they are the Ka, » KO, » KB, > and 
KB, and their relative intensities are about 1.0, 0.5, 0.25, and 0.05, 


weepectiveiy. * The energy of each of these lines for several elements 
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between 47 and 92 is given in Table VII together with the weighted 


average energy for each element. 


However, the purity of the fluorescent source is also affected 
by scattered radiation. When a substance is placed in a continuous 
spectrum x-ray beam, not only is fluorescent radiation produced, but also 
the primary x rays are scattered from the substance. The direction 
and energy of the primary rays are altered in passing through the 
substance; the energy of the scattered radiation is continuous but 
somewhat less penetrating than the primary x-ray spectrum. In order to 
have as pure @& source as possible, the ratio of fluorescent to scattered 


radiation must be maximized. 


The ratio of fluorescent to scattered radiation is affected by 
several factors. The most important of these are the thickness of the 
radiating element placed in the x-ray beam, the kilovoltage of the 
primary x-ray beam, the angle of the radiator with respect to the 
primary beam, and the location of the detector with respect to the 
primary beam. A program was developed for evaluating the ratio of 
fluorescent to scattered radiation using the IBM 704 calculating machine. 
The results of the program are too long to describe here, but it will be 
made the subject of a separate report. However, on the basis of these 
calculations it was decided to use the radiator thicknesses listed in 


Table VII, to maximize the kilovoltage of the primary beam, to make the 
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angle between the radiator and the primary beam 45 degrees, and to 


locate detectors at an angle of 90 degrees from the primary beam. 


The experimental arrangement for producing fluorescent radiation 
is illustrated in Fig. 16. A 300 KV constant potential Norelco x-ray 
unit was used as the primary source. Except for the window, the x-ray 
tube was encased in al in. thick lead housing to prevent radiation 
leakage. Al1.5 in. thick lead diaphragm having a tapered conical hole 
was placed in the window of the x-ray tube to reduce the size of the 
x-ray beam. A lead-lined brass cylinder was placed against the diaphragm 
and served as the radiator holder. The center of the radiator was 15 
cm from the x-ray target and at an angle of 45 degrees to the central 
ray of the primary x rays. An 0.75 in. diameter hole in the radiator 
holder provided an exit for the fluorescent radiation. The size of the 
fluorescent beam was limited by two diaphragms. Exposure -measuring 
instruments and films were located between tracks on an instrument table 
at an angle of 90 degrees to the central ray of the primary beam. The 
primary beam was absorbed by a large lead-lined brass cylinder attached 


to the radiator holder. 
The measurements of the purity and other characteristics of the 


fluorescent sources will be given after a description of the other 


types of sources used to measure the film response. 
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Heavily Filtered Direct X-Ray Sources 
Since neither fluorescent radiation nor single line gamma-ray 


isotopes are available between 100 to 250 kev, it was necessary to use 


the direct x-ray beam with large amounts of filtration in order to cover 


this energy region.» 


The effect of various thicknesses of absorbers on a continuous- 
spectrum x-ray beam is illustrated in Fig. 17, where the intensity in 
arbitrary units is plotted versus the x-ray energy for several thicknesses 
of copper filtration. The unfiltered spectrum is quite broad and contains 
large amounts of soft radiation. When a copper absorber is placed between 
the source and detector, the soft radiation is preferentially absorbed. 

As the copper thickness is increased, the energy at which the intensity 
is & maximum increases and the spectrum becomes narrower. Thus by using 
large amounts of filtration, a narrow spectrum band is obtained which 
sufficiently approaches monochromicity to be used to measure the response 
of a film. The amount of filtration, or the degree of monochromicity 
that can be achieved, is limited by the practical necessity of obtaining 
intensities which are large enough to calibrate film in a reasonable 


length of time. 


The experimental arrangement employed to obtain the heavily filtered 
direct x-ray sources is illustrated in Fig. 18. The same 300 KV constant 


potential Norelco x-ray unit employed with the fluorescent sources was 
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UNFILTERED CONTINUOUS SPECTRUM 
(EXCEPT FOR INHERENT FILTRATION) 


0.025 g/cm? Cu 


INTENSITY (ARBITRARY UNITS) 


e" g/cm*Cu 
SN 0.25 g/cm*Cu 


=X" g/cm*Cu 
~~ g/cm* Cu 


ne he a 


O 100 200 300 





X-RAY ENERGY (KEV) 


Fig. 17. The effect of various thicknesses of copper absorbers on a 
continuous -spectrum x-ray beam - 300 KV constant potential. 
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used for the heavily filtered sources. A 1.5 in. thick lead diaphragm 
having a tapered conical hole was placed in the window of the x-ray 
tube to reduce the size of the beam. A rectangular steel box was 
mounted to the diaphragm to hold the thick filters. Instruments and 


films were located between tracks fastened to a table Placed directly 


in front of the x-ray window. The central ray of the beam was directed 


midway between the tracks. 


Table VIII gives the kilovoltages, the currents, and the thick 
filters employed with the direct x-ray beam to obtain effective energies 
of 84, 108, 135, 162, 205, and 242 kev. The method of determining the 
effective energy will be explained after the discussion of the radioisotope 


sources. 


Radioisotope Sources 


Gamma. rays from radioisotopes were employed to cover the energy 
range above 250 kev. Since the film response changes very slowly in 
198 137 


this region only three sources were used; they were Au ; » and 


C0 , 


The gamma-ray and x-ray energies emitted by these sources and their 
relative intensities are listed in Table IX. Of the four lines in Aut ® 
the 411 kev gamma ray is the most intense, but the 73 kev thallium x ray 


must be absorbed because the film is quite sensitive to low energy 
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radiation. Similarly, when the 32 kev barium x ray is absorbed, the Cs/3" 
becomes a monochromatic 661 kev source. The two gamma rays in 09° are 
of equal intensity and close in energy; for film response measurements 


the two lines may be averaged and C9°° considered a 1250 kev source. 


The ecpew nents arrangement employed with the radioisotopes is 
illustrated in Fig. 19. The sources were enclosed in either an aluminum 
or steel capsule of sufficient thickness to absorb the beta radiation 
emitted by the source. The source and capsule were then placed ina 
polystyrene source holder of sufficient thickness to absorb electrons 
produced by the gamma rays absorbed in the capsule. The source holder 
was located in a polystyrene rod at a height of 40 cm above the table. 
Exposure -measuring instruments and films were located 40 cm above the 
table and 40 cm from the source. To minimize scatter and achieve a 
narrow beam geometry for filtration measurements, lead diaphragms were 
placed in front of both the source and detector. However, the film 
response measurements were made both with and without the lead diaphragms 


in position. 


SOURCE CHARACTERISTICS 
The measurements to determine such characteristics of the sources 
as beam uniformity, spectrum purity, and exposure rates will now be 


presented. 
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Beam Uniformity 
To determine whether the detectors would be uniformly irradiated, 


intensity measurements with a photographic film were made at the detector 
locations. A free-air ionization chamber, the standard instrument for 
measuring the exposure of x-ray energies below 250 kev, and a Victoreen 
thimble chamber, the standard instrument for measuring the exposure of 
x-ray energies above 250 kev, were used as detectors in addition to the 
personnel monitoring film whose response was to be measured. The 
diameter of the entrance diaphragm of the free-air ionization chamber is 1.0 
em. The cylindrical measuring volume of the 25 r Victoreen thimble 
chamber is 2 cm in diameter and 2.5 cm in length. The rectangular 
monitoring film is about 3 x 4 cm in size, but the area read in the 
densitometer is 0.6 x 0.6 cm. Thus the intensity of the source had to be 
uniform over a circular area about 3 cm in diameter to irradiate all the 


detectors uniformly. 


A similar procedure for measuring the beam uniformity was followed 
with all three types of sources. With the fluorescent and heavily 
filtered sources a film holder containing a 5 x 7 in. Eastman Type AA 
film was centrally located between the tracks of the instrument table 
and at the same height as the center of the source diaphragm; thus, the 
center of the film coincided with the center of the detectors. With 
the radioisotopes the film holder was located at the center of the 


detector position and measurements were taken with and without the lead 
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diaphragms. The 5 x 7 in. films were exposed, developed, read along 
several diameters, and the densities converted to roentgens using 


appropriate calibration curves. 


Typical results are shown for all three types of sources in Fig. cO, 
where the variation in exposure along the vertical and horizontal 
diameters is plotted versus the position on the film where the readings 
were taken. The zero position on the abscissa corresponds to the center 
of the 5 x 7 in. film and the center of the detectors. Distances to the 
right and left of center on the horizontal diameter and distances above 
and below center on the vertical diameter are given in centimeters. The 
figure shows that a region of uniform intensity is obtained with all 
three types of sources, and measurements of several other diameters 


across the 5 x 7 in. film established that the uniform region is approx- 


imately circular. The beam is considered to be uniform enough where the 


exposure on the film does not vary by more than 2 per cent. 


The diameter of the uniform region was 4, 8, and 12 cm at distances 
from the fluorescent sources of 25, 50, and 100 cm, respectively. The 
diameter of the uniform region was 3, 4, and 8 cm at distances from the 
heavily filtered sources of 35, 50, and 100 cm, respectively. The 
diameter of the uniform region 40 cm from the radioisotope sources was 
3 cm with the lead diaphragms and 12 cm without the diaphragms. Thus 
the beams of all three types of sources were sufficiently wide to 


irradiate the detectors uniformly. 


FO 


FLUORESCENT SOURCE 
(SO cm) 


—— HORIZONTAL DIAMETER 
“~~~ VERTICAL DIAMETER 


HEAVILY—FILTERED SOURCE 


EXPOSURE (r) 


RADIOISOTOPE SOURCE 
(40 cm) 


WITH NO LEAD DIAPHRAGMS 


\ 





CENTER 
POSITION ON 5x7 INCH FILM (cm) 


Fig. 2O. Beam uniformity measurements of a fluorescent, a heavily 
filtered, and a radioisotope source. 
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Spectrum Purity 


The spectrum purity of each source was determined primarily by 
absorption measurements. The analysis is based on the fact that with 
@& monochromatic or narrow energy band x-ray source a linear absorption 
curve is obtained whose slope gives the absorption coefficient and thus 
the energy of the source, whereas with a continuous spectrum x-ray 
source a non-linear absorption curve is obtained. Hence the degree to 
which the absorption curve is linear and the degree to which the slope 
agrees with the theoretical value of 1029 determines the spectrum purity 


of the source. 


The absorption measurements with the fluorescent and heavily filtered 
sources were made with a free-air ionization chamber. The ion current 
was measured with an Applied Physics Corporation Model 30D vibrating 
reed electrometer, and the absorbers were placed over the source 
diaphragm. Aluminum filters were used to absorb the L-lines of the 
fluorescent sources. The absorber thickness required to remove the 
L-lines was determined by absorption measurements; the L-line absorber 
thickness for each fluorescent source is given in Table VII. The 
absorption measurements with the radioisotope sources were made with 
a Victoreen 25-r Model 553 high-energy thimble chamber. In Fig. 19 
the thimble chamber is shown in the pre-amp head of the vibrating reed 
electrometer which was again used to measure the ion current. The 


absorbers were placed over the chamber diaphragm. 


The absorption curves obtained with the fluorescent sources are 
shown in Fig. 21, where the logarithm of the x-ray transmission through 
the aluminum absorbers is plotted versus the aluminum absorber thickness. 
The L-line absorber is not included in these thicknesses; that is, by 
zero filtration is meant no filtration except for the L-line filter. 

The absorption curves are quite similar. The first portion of the curve 
is linear and the slope is in agreement with the theoretical absorption 
coefficient of a monochromatic x-ray source having the weighted average 
energy of the K-lines. With thick absorbers the scattered primary x ray 
becomes significant because it has a higher effective energy than the 
K-lines, which are absorbed to a greater extent, making the curve non- 


linear. 


The uranium is the only source that gives a linear absorption curve 
throughout the entire measured range of absorber thicknesses. Since 
there is no apparent reason why the uranium source should have no 
scattered radiation, it is reasonable to assume that the uranium curve 
remains linear because the effective energy of the scattered radiation 
is about the same as the weighted average energy of the K-lines, or 
about 100 kev. The average energy of the 300 KV, unfiltered continuous 
spectrum x-ray source is about 150 kev, and when a 150 kev x ray is 
scattered through a 90 degree angle it loses about 35 kev. Thus, an 
effective energy of about 100 kev for the scattered radiation is not 


unreasonable. 
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Fig. 2l. Aluminum absorption curves obtained with the fluorescent 
sources. 


The percentage of scattered radiation in the fluorescent sources 


was estimated assuming the effective energy of the scattered radiation 
was 100 kev and using the equation 

I = Le 'F" + Les ’ 
where I is the measured intensity at absorber thickness x, La is the 
fraction of the measured intensity due to fluorescent radiation, I, 
is the fraction of the measured intensity due to scattered radiation, 
Lp is the aluminum absorption coefficient of the fluorescent radiation, 
and He is the aluminum absorption coefficient of the scattered radiation. 
For a large x, several values of Tn and I. were tried until the measured 


S 


value of I was obtained. The values of in and I. which gave the measured 


S 
I at the large x were then used to compute I for several other values of 
x, and the results are shown in Fig. 21 for the gadolinium and lead 

sources. The calculated absorption curves obtained by this method were 


in close agreement with the measured absorption curves for all the 


fluorescent sources. 


The percentage of scattered radiation in the fluorescent sources 
derived by this method is given in Table VII. Since the aluminum 
absorption coefficients change slowly between 80 and 120 kev, the 
wetimaesa percentage of the scattered radiation would not change 
significantly if these energies instead of 100 kev were assumed for 


the effective energy of the scattered radiation. 
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Table VII shows that the scatter tends to increase as the atomic 
number of the fluorescent source increases. By plotting the percentage 
of scattered radiation versus atomic number, the scattered radiation 


from the uranium source was estimated to be about 15 per cent. 


The absorption curves obtained with the heavily filtered sources 
are shown in Fig. 22, where the x-ray transmission is plotted versus 
the thickness of the molybdenum absorbers. The heavy filter is not 
included in these thicknesses; that is, by zero filtration is meant no 
filtration except that of the heavy primary filter. Over the range of 
thicknesses employed, the absorption curves are linear. From the slope, 
the absorption coefficient and thus the effective energy of each source 
was determined. The effective energies are listed in Table VIII, and 


they have been used to label the absorption curves in Fig. 22. 


X-ray spectrometer measurements were made to determine the energy 
spread of the heavily filtered sources. The sodium-iodide crystal, 
the photomultiplier tube, the tube base, and the pre-amp of the x-ray 
spectrometer were placed on the instrument table and shielded by a 2 
in. thick lead brick wall as shown in Fig. 18. A 0.04 in. hole in the 
lead shield permitted the x-ray beam to strike the center of the crystal 
which was Located 150 cm from the x-ray target. For the spectrometer 
measurements, the diameter of the source diaphragm was reduced from 5/8 


to 1/4 in. The smaller source diaphragm and the 0.040 in. diameter 
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Fig. 22. Molybdenum absorption curves obtained with the heavily 
filtered direct x-ray sources. 


crystal diaphragm were necessary in order to reduce the x-ray intensity 
to a level low enough to be counted. To be certain that only the 
radiation entering the crystal was counted, background measurements were 
made with the x-ray unit on and the 0.040 in. hole plugged, and this 
background count was subtracted from the total counting rate. The 
spectrometer was calibrated with the tut!? yines at 56, 112, and 208 


kev and the He-°- lines at 73 and 279 kev. 


The x-ray spectrometer measurements of the heavily filtered 
sources are shown in Fig. 23, where the number of counts /com°-sec-kev 
is plotted versus the x-ray energy. The curves are labeled with the 
effective energies derived from the absorption measurements. The 
energy at which the intensity is a maximum, or the peak energy, is in 
every case within 5 kev of the effective energy. The energy spread of 
a heavily filtered beam is usually expressed in terms of the spectral 
width at half-height. The spectral width at half-height is given in 
Table VIII for each source, together with the peak energy. In each 
case the spectral width at half-height is within 22 to 28 per cent of 


the peak energy. 


The absorption curves obtained with the radioisotope sources are 
shown in Fig. 24, where the gamma-ray transmission is plotted versus 
the lead absorber thicknesses. Both the Aur® and the cg t3? curves 


Show the presence of the low energy photons emitted by these sources 
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Fig. 23. X-ray spectrometer measurements of the heavily filtered 
direct x-ray sources. 


PERCENT TRANSMISSION 


100 & 





O S lO 15 20 25 350 35 


LEAD ABSORBER THICKNESS (g/cm?) 


Fig. 2k. Lead absorption curves obtained with the radioisotope sources. 
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which are listed in Table IX. The absorption curves decrease 
relatively rapidly at first, but when the absorber thickness becomes 
large enough to absorb the softer photons the curves decrease less 
rapidly and become linear. The slope of the linear portion of the aul ® 
curve is in agreement with the theoretical value of a 411 kev source, 
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and the slope of the linear portion of the Cs curve is in agreement 
with the theoretical value of a 661 kev source. The film response 


measurements were made with the Ault ® and cst37 sources filtered by 4 
e/em= of lead, enough to eliminate the softer components. The slope of 


the linear absorption curve obtained with the ¢0° source is in agreement 


with the theoretical value expected from a 1250 kev source. 


Exposure Rates 


The exposure rates of the fluorescent and heavily filtered sources 
were measured with a free-air ionization chamber. A Victoreen thimble 
chamber was used to measure the exposure rates of the radioisotope 


Sources. 


The design of the free-air ionization chamber was similar to that 
employed by the National Bureau of Standards .?? The chamber consists of 
an electrode system mounted symmetrically in a case having a beam-limiting 
diaphragm entrance and an exit hole for the x rays. The electrode 
system consists of two parallel plate electrodes separated by insulated 


rods located at each corner of the plates and an end-guard assembly 


LOL 


which is attached to the rods. The x rays pass between the two parallel 
plate electrodes, one of which is at ground potential and the other at 
high potential, and the ions produced in the collecting region are 


measured. 


A diagrammatic sketch of the free-air chamber is shown in Fig. 25. 
The aquadag-coated polystyrene electrodes are 18 cm long and 29 cm wide. 
One of the electrodes is at a potential of 1500 volts, enough to assure 
voltage saturation at the highest x-ray intensity employed. The other 
electrode consists of a guard plate at ground potential in the center 
of which is a collecting area 5 cm long and 16 cm wide. The electrode 
separation is 16 cm; from the data of Attix and Dela vergne!© it was 
estimated that the ionization losses in the 16 cm separation would be 


less than 1 per cent at 40 kev and about 3 per cent at 242 kev. 


The purpose of the end-guard assembly is to make the electric 
field between the collecting and high potential electrodes uniform. It 
consists of sixteen O.7 cm wide strips of aluminum which are attached 
to the insulating rods with a separation of 0.3 cm. The aluminun 
strips are at right angles to the electrodes. The guard assembly was 
constructed from a sheet of aluminized mylar from which 0.3 cm wide 
aluminum strips were removed. Seventeen l-megohm resistors were 
connected in series to the electrodes and aluminum strips to divide 


the potential uniformly. To determine whether the electric field 
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was uniform, ionization measurements were made with the lead-lined 


brass case surrounding the electrode system first at ground potential 


and secondly at high potential. If the electric field were distorted 
inward giving a lower ion current with the case at ground potential, it 
would be distorted outward with the case at high potential, giving a 
higher ion current. The ionization measurements made with the case at 
ground and high potential agreed within 0.3 per cent, indicating that 


the field was adequately uniform. 


The chamber was placed between the tracks of the instrument table 
as shown in Fig. 18 with the beam-limiting chamber diaphragm aligned 
with the source diaphragm. The ion current was measured using the 
vibrating reed electrometer as a null detector. The current passed 
through a calibrated 1077 ohm resistor, and the resulting voltage drop 


was compensated by a Rubicon potentiometer connected in series. 


The exposure rate in r/sec was calculated from the measured current 


I, in esu, using the equation 


r/sec = = x mao 


where V is the collecting volume in cm, P is the pressure in cm, and 
T is the temperature in °C. The collecting volume is given! by rb“L, 
where b is the radius of the beam-limiting diaphragm (0.5 cm), and L 


is the length of the collecting electrode (5.0 cm). 
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The exposure rates were measured at several distances along the 


instrument track. The heavily filtered sources obeyed the inverse 
square law with distances measured from the x-ray target to the beam- 
Limiting diaphragm of the chamber, whereas the fluorescent sources 
obeyed the inverse square law with distances measured from the source 
diaphragm to the beam-limiting chamber diaphragm. These results are in 


17 of how measurements 


accord with the geometrical analysis made by Taylor 
with the free-air chamber diaphragm system would obey the inverse square 
law with a point source (the x-ray target) and an extended source (the 


fluorescent radiators ). 


A Victoreen 25-r Model 553 thimble chamber was used to measure the 
exposure rates of the radioisotope sources. It consists of an ionization 
chamber with an air volume of 1.83 om? mounted at one end of a shielded 
stem containing a polystyrene condenser connected in parallel with the 
chamber. The chamber is charged, and its potential after irradiation is 
read with a Victoreen Model 70 electrometer. The nylon wall of the 
ionization chamber is 0.45 e/em= thick. The intensity limit of the 
chamber when used with the Model 70 electrometer is 900 r/min at full 
scale which is well beyond the rates measured with the radioisotopes. 
The thimble chamber was calibrated by the National Bureau of Standards 
with a known (°° source. The exposure rates measured 40 cm from the 


radioisotope sources are given in Table IX. 
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